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Abstract

.T'iA reporrt is a comprehensive reviw. of the metallurgical factors

pertinent to the production and .testing of steel aircraft armor plate.

The development of aircraft armor is summarized and the relative

importance of types of steel aircraft armor plate is outlined.

It is shown that the degree to which homogeneous steel aircraft armor

resists penetration of armor piercing projectiles is dependent upon the tovlghness

of the plate material when heat treated to an optimum hardness for the given

ballistic condition. The optinum microstructure for toughness is tempered mar-

tensite. Inhonogeneitics in the plate material lower the toughness. Suitable

compositions for homogeneous armor are those which will quench out to full mar-

tensite on the quenching treatment used and will permit use of tempering ter:-era-

tures hidn enough to avoid temper embrittlement.

References to a number of World "(ar II lestigaticns are used tc show

that fece hardened steel armor resists penetration b\ breaking up the projeotile

and the plate's ability to break up a projectile is dependent upon a high face

hardness. It is suggested that there is an optimum face hardness. It is also

shown that there is an optimum depth of hardening and an optimum back hardness

for a given test condition. Carburized armor, Pluramelt armor and as yet un-

developed composite armors are discussed briefly.

Finally it is shown that war time inprovekom in quality are reflected

by higher specification requirements. The posaibiliti"s of further improvemert

in homogeneous armor appear 4, be limited, while it sems reasonable to expect

additional improvement in face hardened amor.
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Preface

In Nova-,aber 1946, the Cqrnfogie-Illinois Steel Corporation undertook

a coi';ra&c4 -.-ith the Naval flese-.rch laboratory, Anacostirt Station, Viashingto,.,

D. C. to conduct a study or steel aircraft armor improvement during the aorlU

War 11 period. 'Me :-.peificaticns for the study set forth by the Naval Re:30areh

Laboratory were as followasa

1. Summiarize results of tests of experimental steel aircraft armor

with caliber .50 A. P., 20.=n A. P. and 20mm q{. E. at Dahlgrens Va. pointing

out in the case of each -group of tests what variables were under imvestigation.

2. After conferring with Array representatives as to experimental

steel aircraft armor tests make a sum:,,arjy of what appear to be the most signifi-

cant Army results.

3. Discuss the results of these tests. Give parti.zular attention

to variables for -which ballistic test results showed great sensitivity.

4. As conmpletely as this survey and its incidenta'l studies per-dit,

list the investigation which might be expected to provide basic information

necessary for additional steel armor Improvement.

5, Prepare a report embodying (1)-, (2), (3) and (4) for submission

to the Naval Research Laboratory.

The authors' proposed method or study was submitted to the Naval

Research Laboratory in outline form in February '1947. Since then, the authors

or their associates have visited the Navy Department Bureau of Ordnance and

Bureau of Aeronautics, the Naval Proving Ground, the War Department Office of

Chibf of Ordnance, the Watartown Arsenal and the Naval Research Laboratory

In search of data and reports to be included In the survey. Naturally, as in

auy work of this type, the authors must admit misgivings con~cernin~g the

rv r 1



L
percentage of data which may have escaped review by their methods. Nevertheless,

it is believed that all important phases of the metallurgical design of steel

aircraft araor have been studied during the course of the survey and t-he findings

reported herein are generally supported by published references. The 0 xcettj'

qre a few instances where the authors nave had to call upon their own expfriences

and knowledge of related products to establish a hypothesis or to analyze non-

integrated data.

The authors wish to express their appreciation for the cooperative

attitude shown by representatives of all of the afore mentioned agencies. Their

advice and aid in selecting reports for study and their help in making material

available greatly facilitated the authors' work.

J. It. Hedge, Research Associate
Carnegie-Illinois Steel Corporation
Pittsburgh, Pennsylvania

H. V. Joyce, Coordinator of Ordnance MtLeria:3
Homestead District Works
Carnegie-Illinois Steel Corporation
Munhall, Pennsylvania

alJ/pb
June 25, 1948
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INTRODUCTION

I. Jbe o.' Arror in Aircraft

While references to the use of armor plate in aircraft may be foind

in the literature as far back as 1916, aircraft armori as it is known today is,

generally speaking, a development of the World War II period. Prior to %VcrlA

War II, armor plate installed in airplanes was termed "thin armor", "light

armor" or "bullet proof steel" and was the same armor as that used on light

tanks and armored cars. Even as late as 1941 the services did not have a

specification for aircraft armor. In that year, however, joint industry and

service co-mittees were formed to develop higher quality armor and to establish

specificutions for procurement of the same.

The aircr--ft armor prcblem was not a simple one prir.-rily becau-e or

the limitation of weight. Perhaps in no other application of armor is the

object of getting the greatest protection from the least weight of more import-

ance than in the design and fabrication of aircraft armor. Pursuit planes

being built in 1941 carried but 200 pounds of armor plate and the latest model

of the "Flying Fortress" (the B17-E) had less than 2000 pounds of armor.

Had there been but one type of attack against which protection was

required, the problem would have been somewhat simplified. leedless to say.

however, such was not the case. As well as anti aircraft fire from the ground,

head on, beam and rear attacks by enemy fighters against bombing planes were t-3

be expected. Furthermore, enemy airplanes were known to carry several caliber

of guns loaded with several types ot ammunition. It was also reasonable to

assume that new types of armament and ammunitions of which our services were

not aware, could be encountered on any mission.

'ri



The design and installation of the armor itself also t ended to

complicate the problem. Since obviously the whole airplane or even the whole

fuselage could not be armor plated, the limited amount of armor to be carried

was distributed mostly within the cabin in a manner to afford protection to

each crew menberts station. An attacking missile therefore in many casea had

to pass thrcugh the fuselage skin and various structural members before impact-

ing the armor plate. It wts discovered in early tests that as a projectile

defeats prinary obstacles such as the Duralumin skin and internal braces, it

is likely to be tumbled and its impact against the armor plate is unlikely to

be nose-on. A considerable amount of experimental work during 1941 was based

on this fact. Various materials of varying thicknesses were set up at varying

distances from armor plate in attempts to find an optimum combination and

arrangement cf materials. It was eventually determined, however, that the

value of tiping screens or yaw plates is doubtful since the fuselage itself

and interior parts in line of flight of a projectile inpart sufficient yaw or

tumbling action.(l)

It may be readily seen, therefore, that at least five different types

of attack had to oe considered in the design and installation of armor in air-

craft. The five attAcks may be s:7arized as follows!

1." Impact by armor piercing projectiles striking the armor plate

at nor=al ( perpendicular to the surface of the plate).

2. Impact by armor piercing projectiles striking the armor At

oblique angles.

3. Impact by high explosive projectiles.

4. Impact. by projectiles yawed or tumbled by prior impact rn

the airframe skin or structural member.

( 5. Impact by fragments from exploded shells,

(1) libers in parenthesis pertain to references appended to this report,

4, W--.-"----- -- I
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T1. Tpes of Armor Plate Used in Aircraft

In a survey of the literature preparatory to an investigation of light

armor, the !7aval Research Laboratory in 1935 reviewed work reported in Japnn by

Horea :it 10 and 1933.(2) !-.da hkd reported thet of ;even non-ferrous materiala

investigated, the aluminum alloy, Duralumin, on the basis of weight for we'.,

offered gre-Atest resistance to perforation by standard (.25 caliber) Japarass

arimunition. Tests conducted at Watertcwn Arsenal, Aberdeen P:oviw; Ground and

the Naval Research Laboratory in the period of 1934 to 1941 showed that under

various conditions Duralumin exhibited resistance charactc tics comparable

with those of steel. In the work performed at the Naval Research Laboratory,

Dowmetal -was also used in conparison tests. Simultaneously there were conducted

many tests of face harcle.-ed and rolled homogeneous steel armcr of thi.-"esses

feasible for use in aircraft, but, generally, the results were of interest only

insofar as the'r served to answer some immediate problem. Laminated plastlts

were alsai :ested and found tc have merit under certain limited conditions.

In February 1943, the Watertown Arsenal Laboratory was authori:ed to

prepare a substantially informative report to give data usable in armor design.

In this task an attempt was made to collate, integrate and analyze available

data on the characteristics of the various armor plate materials. The reports

prepared by J. F. Sullivan, was published early in 1944.
(3 )

After a review of the data available, Sullivan narrowed his study to

face hard-3ned steel, rolled homogeneous steel (340-380 BHN), Duralunin and

Dowmetal. In his. final report, Sullivan reviewed how factors affecting the

manner of failure of armor explain the alternative superiority of different

materials under different conditions of attack. It was pointed out that W'sera

the lower density of a material allows its use in thicker sections without

additional weight, dimensional conditions arise favoring the ability of such

-3-



material to resist perforation. Thus Duralumin vhich is only 0.36 times as dense

as steol mnny cvermatch an attacking projectile vhile an equivalent weight of steel

may be overmatched by the same projectile. Under such conditions, it ii possible

that the steel will require lcsL p :ti.e energ, to bring abotit failure,

Figure 1 (copied from Sullivan's report) illubtratess (1) how a differenoo i'

thickness of different materials of equal weight results from their variant

densities, (2) the necessity of using a greater area of armor obliquely emplaced

to protect a fixed area normal to the line of fire and (3) how a vriation in

the ratio of plate thickness to projectile core diameter tends to influence

the manrer in which plate failure will occur.

Sullivan's observtions regardinG the relative merits of t" 'ferent

materials studied are quoted verbatim belcrT. The reader is remindod that the

report from Which the conclusions are quoted was prepared in late 1943. In view

of the fact that improvement of aircraft armor continued after this date, it is

possible that some of the observations may no longer hold true.

1. "Under no contemplated conditions will the use of roiled

homoge:%eus steel or Dowmetal assure the maximum resistance (to perforation

by small arms projectiles) per unit weight employed.*

a. *In general, when the obliquity of enplacement with

respect to the anticipated line of fire is greater than 520, o, when the

ratio of plate thickness (weighed) to projectile core diameter is lees

than 0.6, the use of 24ST Duralumin mill assure maximn resistnce (to

perforation by small arms projectiles) per unit weight employed.*

b. "Under all other conditions, the use of face hardened

steel armor will assure maximu resistarnco to perforation." (Sve Figure 2)

2. OUndor some conditions, the resistance (to shook) of rolled

homogeneous steel armor is superier to that of face hardened steel.*

-4-1
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3. "Except in the case of attack by direct impact of high

explosive projectiles, the shock resistance of 24ST Duralumin is equivalent

to or better than that of steel.*

4. "Coincident with failure by perforation of armor piercing

projectiles, 24ST Duralumin exhibits a tendency toward spalling."

5. "Low temperature enhances the resistance to perforation of

24ST Duralumin, rolled homogeheous steel and face hardened steel."

6. "Although low temperatures may affect deleteriously the shock

resistance of steel, they apparently do not lower the shock resistance of

Duralumin."

7. "Inasmuch as it is ccnsidered that resistance to perforation

is of prime importance L1 any consideration of aircraft armor, design

may well be based on observation 1.

8. "The most strategic place-ent of armor will vary from timu

to time with tactics of the opponents und contemporary design may be.zt

be decided on the basis of study of the very latest intelligence roports

from the theaters of operations.*

9. 'Under attack of projectiles of larger caliber, or different

design or quality, the region of superiority of 24ST Duralumin over face

hardened steel may be expected to be extended.'

It is apparent by now that the term 'aircraft armor" is a generic one

covering different types of steel armor plate as well as different types of non-

ferrous armor plate. A roview of the non-ferrous types is not within the scope

of this study, it being understood that a bimilar study of these types of armor

plate is currently being made by the Naval Research Laboratory.

At this point it may be well to mention why some special kinds of the

two main types of stebl armor receive no further mention in the report, Non-

-5..



magnetic steel armor, which falls under the homogeneous type , 's found to afford

so much lower resistance than magnetic steel armor that a review of ita ballistic

characteristics has boan considered to be of little value. Nrthetore, much

of the demand for non-riagnetic armor, once rnecessary, passed with more efficti-e

shielding of airoraft instruments. Likewise, although much work was done in

attempts to develop a laminated or "sandwich" kind of face hardened armor, in

-general on a basis of weight for weight, the ballistic qualities of bu.h aI-.or

were inferior to those of solid face hardened steel armor.

III. The Manufacture of Steel Armor

While certain cast steel armor sections are used on tanks, the

relatively lighter gauGes of aircraft armor precludes the use of castings for

this application. As far as is known, al! steel aircraft armor was and still

is processed by rolling, Details of te nanufaoturing processes of course fary

from conpany to conpany depending nore or less on the facil:ies availabe..

Both open hearth and electrio furnace melting practices have been used with

success,

Little information regarding steel rukdng and rolling practices is

found in published reports. Certaiu logical 9ts,'pticns can be made however.

Because clean steel is i:nperative, melting practices must be held under rigid

control fron selection of the scrap charge to tapping. Ingot mold desiga is

also an important factor affectirg soundness of the finished armor plate. Sines

the ability of steel armor to resist shock depends to some extent, on the absence

of directional properties, the manner in unich a plate is'rolled tAkes cn adled

impartance.

Cleanliness, soundness and lAck of directional properties are

prerequisites for high quality steel aircraft armor. The same clharacteristics
4

may also be prerequisil es for other products which still would rot be

-6-



interchangeable with armor. The distinctive features of armor plate ar4 inparted

to the steel by heat treating the rolled plates. Starting sone tine before Aforld

War II, the heat treatment of steels began to assume a more scientific aspect.

The accumulated knowledge of physical metallurgy was naturally applied to t

;roduction of steel aircraft armor during the war years. The experiments v.ith

refrigeration treatments to accomplish complete transformation of the face on

face hardened armor serves to illustrate the degree to which metallurgical science

was used. The use of the metallurgical microscope, micro-hardness testing equip-

ment, im act test machines a..! other laboratory tools to test and investigate the

results of heat treatment attests to the control exercised over the treating

processes.

It is in order to mention that the intense application of "etallurlical

science to the production of aircraft armor came about through complete cooper-

ation between the producers and various government agencies. The Armor and

Projectile Laboratory and Light Armor Battery at the Naval Proving Ground, Dahigren

Va., the Watertown Arsenal Laboratory and the Armor Branch of the Ordnance Reaearc'

Cen -r at the Aberdeen Proving Ground all contributed greatly to the JiroT7ant

of aircraft armor. Valuable assistance was also had from such laboratories as the

Battelle femorial Institute through projects conduotud by the Zar etallurgy Com-

mittee of the National Defense Research Council.

Much of the interest of the last named agency above was direoted tov:ard

development of low alloy steel armor in an effort to conserve strategic materials.

Mnile the results of such projects were not too fruitful where -teel aircraft

arm or was concerned, considerable knowledge concerning hardenabilit , heat triatine

A
and welding of steel armor in general was made available to armot prod- ers through

the projects.

-7-
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HOMOGENEOUS ARMOR

Fundamentals

I. The Effect of Hardness

The resistance of homogeneous armor to penetration by a projectile,

depends, of course, upon the plate's ability to absorb the kinetic energy of

the projectile. This energy is absorbed almost entirely by plastic flow of

the plate material, and homogeneous armor, therefore, diffars from face

hardened armor in that it is designed primarily to permit a maximum energy

absorption from plastic Plow of the plate material without necessarily any

deformation of the projectile, while the resistance of face hardened armor is

dependent primarily upon its ability to deform or break the projectile and the

absorption of energy by plastic flow is a secondary considGration.

This energy absorption by plastic flow is a fmction of both the

hardness and ductility of the homogeneous armor material. It must have a

relativaly high hardness, in order that tle plastic flow may occur at a high

energy level, and it must have a high ductility in order that plastic flow may

continue to large strains prior to fracture. This combination of high hardness

and high ductility is conmonly referred to as toughness and this attribute is

the prime requisite* for successful homoGeneous armor. All of the metallurgical

factors to be discussed in this part of the report and the research and develop-

ment work to be described and proposed are, therefore, primarily aimed at the

att.ainment of armor with optimum properties in respect to toughness.

Touthness,-hovever, as described above, involves a combination of

hardness and ductility and these two proporties are not entirely compatible, as

in general, the ductility tends to decrease as the hardness increases. Further;-

more, the plastic flow behavior and therefore the ductility is markudly affected

by external conditions such as the direction and magnitude of the applied



stresres, the rate of application of theee atresses and the te.ftrt're. TA,, ,

in order to maintain an idequate ductility to insure high energy abs::ptP>'. 1-

plastic flow, it may frequently be necessary to restrict the hardness rark~s t.

a value consistent with the particular set of external conditions which are

imposed.

This is illustrated by Figure 3 which depicts the ballistic prcp ti-.

of a single plate material, heat treated to a series of hardness values, and

tested under two different ballistic conditions.4) It will be noted that 'he

.50 caliber testing indicates an increasing resistance to penetration with

increasing hardness up to a certain limiting hardness, beyond which the !-ne-

tratlon resistance rather abruptly decreases. This is the characteriat.c

pattern of the relationship betw:een penetration resistance and hardnecs.

At hardness values below the limiting hardness, the behavwior 1

completely ductile; the plate material is simply pushed asideby the pro~ecti!e

and on complete penetration ordinarily no plate ratorial is lost. The energv

absorption is entirely by plastic flow and the penetration resistance is

dependent largely upon the stress level at which this plastic flow occurs

which is determi.ned by the hardness.

At hardness values which are above this limiting vlue, he, fever,

the behavior is no longer corpletely ductile. At these hig;her hardnesses the

"plastic flow is decidedly restricted and plate material may be lost by sralling

during % complete penetration. This limitation of the plastic flow results,

of course, in a lower energy absorption and the penetration resistance corres-

pondingly deareases.
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This limiting hardness for a given material and set cf testing

conditioni is known as the optimum hardness and represents, as just described,

a critical toughness value. E'urthermore, the ballistic performance at this

optimum hardness is primarily determined by the toughness of the plate ma-erial. f

This implies that homogeneouis armor improvement studies should be concerned

primarily with the factors governing toughness and that the results of such

studies can be quantitatively evaluated on the basis of ballistic testing at

optimum hardness for the given ballistic conditions with the assurance that

factors so evaluated will apply qualitatively to other ballistic conditions.

This viewpoint considerably sirplifies the planning and execution of such

studies.

I. Effect of Ballistic Conlitions

As mentioned abo-e. the apparent ductility is affected by the pattern

o^' the co;-1ined applied stresses, by the rate of application of those stresses

and by the temperature. The general effect of combined stresses is to decrease

the &d-tility or to decrease the maximum strength level for ductile behavior.

For evample, a material which behaves in a ductile manner in simple tension may

beha- in a brittle manner when a restraint is imposed in the transverse

dirc on so that it is subjected to biaxial tension.(b)

The pattern of tVe combined stresses applied to the armor is largely

det. aed by two factors& (1) The ratio of the thickness of the plato to the

die 3r or the projectile, (customarily designated as e/d) and (2) the obliquity

or .., anile of attack (custcmarily designated as 0). The ballistic behavior,

and the optimm hardness for maximum penetration resistance is markedly affected

by these factors. The general effect of decreasing the e/d ratio (increasing the

size of projectile attacking a given plate) is to decrease the apparent ductility

-10-



or to decrease the optimum hardness. The general magnitude of the effect o

optimun hardness is illustrated in Figure 4 taken from the work at the Naval

Proving Ground under Technical Project No. 79.(4)

The effect of increasing the obliquity is likewise to decrease the

ductility or optimum hardness. Thus, a much harder plate would be used to 4
resist a nornl attack than would be used for attacks at 30° to 400 obliquity.

This effect has not however been quantitatively evaluated to the same extent

as the eftect of the e/d ratio.

The general effect of increasing the rate of loading is also to

decrease the ductility. This is however, very difficult to evaluate as the

striking velocities are so closely interrelated -xith the other variables,

e/d and obliquity, that it is "ry lifficult to isolate the velocity effect

itself. This effect has nevertheless been used by the Naval Research Laboratory

to evaluate armor coupositions and metallurgical factors. The 4.R.L. test is

known as a "fingeor esi." and involves shootin- off a standard notched sample

or "finger" as in an Izod impact test but using a blunt projectile from a

.50 caliber gun to furnish the impact. The results are evaluated in terms

of the limit velocity required for complete fract)ure and it is found that

inferior materials fracture in a brittle zn,- a relatively low velocity

on this test.

Ductility is also decreased by lowering the temperature. In fact it

is now a co:mon practice to designate ductility in terms of the temperature at

which the fracture behavior changes from ductile to brittle on a notched impact

test. This furnishes an indication of the effect of temperature on duct.lity

under combined stresses and, while it cannot b- correlated directly with arni-

performance, it does furnish a much better comparative evaluation than the

room temperature impact values alone.

-11- I
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The effect of' ten.peratue on ballistic perfor.,iarice can beat be

"- .llustrted by the teats carried out at Canp Shilo, Ca.ada in January and

February of 1943. Ho,-o;aeous ar.or plute.a in thiclcieszoh of I", 1-1/2" s,, 2"

were cestod at %e-!p Shiloh at te.iperutures of fro. -150 to -350 F. !:any plaz

whiih perforned satisfactorily on room temporature tests, cracked cr sp',llcoi

on the 3pecification shnck tost at these lovier temperatures.

At this point it shcild be mentioned that since most of the

experimental work and acceptance tecting of aircraft armor has been based on

ballistic tests with arnor piercing projectiles at normal obliquity, nost of

the ballistic results quoted and referred to in this report are on this basis

although in service oblique atta3k or attacks with high explosive projectiles

are .uch more probable than this "ondition. With the view'point exproa sd in

the section on the effect o,' hardness in mind, hc-'ever, this is not as serious

as it might at first so^7.,. As pointed out in that section, the ballistio b3-

havior at opti.-, hardnic. is prir.nrily dependc.-n upon the toughness of t',

plate matcrial for a.y 6ivsn set cr ballistic conditions and the factors

gc;ernn toiighness can zhersforo be evaluated in terms Or ballistic propertie*

under the conditions of a nor.al attack with an ar,cr piercing projectile with

the assurance that the same factors will ,overn the behavior under oblique attack

or tttac'cs by high explosive projectiles. The cptimum hardness, to be sure,

w11 vary with the ballistic conditions 9nd it will. be obvious from thts zuLiary

that further work is needed to establish these optimum ranges f.r the various

ballistic conditions. The factors governing toughness, however, which are the

fundamental answers which will apply to the ballistic performance or houoen-

eou3 armor regardless of the ballistic cond~ti.-,.s can be satisfactorily

evaluated or the basis of these ballistia tests at opti-num hardness with armor

piercing projectiles o.! r.ormal obliquities and such an evaluation is the orinr y

aim .of homoloneous armor inprovement studies.
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Metallurgical Factors

I. General

The p:incipal metallurgical factors affecting the performance of

homogeneous aircraft armor ares (1) microstructure, (2) heat treatment,

(3) composition and (4) homogeneity. These are all interrelated and their

effects are often difficult to isolate either in practice or in discussion.

For example, the choice of a composition involves consideration of its hard-

enability or its ability to give the desired microstructure, of its effect on

the tempering behavior aad on temper brittleness and finally of specific effects

of the carbon content and alloying elements. In addition, the "cleanliness"

or freedom from non-metallic inclusions may be influenced by the compositico.

Thus, all of the other variables, microstructure, heat treatment and homo-

geneity "ay be involved in the choice of a composition or in considering the

effects of composition. In general however, the primary variable is micro-

structure and the other factors may be considered as modifying the propertis

or the performance of steels of the optimum microstructure.

II. The Effect of Microstructure

A. Pure Microstructures - Tempered Vartensite, Bainite and Pearlite

The optimum microstructure for homogeneous armor is tempered martensite.

Its superiority has been established beyond doubt both on the basis of ballistic

performance and mechanical and impact properties. This is illustrated in

Figure 5 takenfrom the work of Queneau and Pellini at the Naval Provine Ground. ( e )

This shows the comparative impact properties as a function of the testing temper-

ature for the same steel, hcat treated to tempered martensite, bainite, as formed

at 600 ° F. and pearlite, fts formed at 11000 F. The tempered martensite ard bainite

- 1 3 - i
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